Viral infections dynamically alter the composition and metabolic potential of marine microbial communities and the evolutionary trajectories of host populations with resulting feedback on biogeochemical cycles. It is quite possible that all microbial populations in the ocean are impacted by viral infections. Our knowledge of virus-host relationships, however, has been limited to a minute fraction of cultivated host groups. Here, we utilized single-cell sequencing to obtain genomic blueprints of viruses inside or attached to individual bacterial and archaeal cells captured in their native environment, circumventing the need for host and virus cultivation. A combination of comparative genomics, metagenomic fragment recruitment, sequence anomalies and irregularities in sequence coverage depth and genome recovery were utilized to detect viruses and to decipher modes of virus-host interactions. Members of all three tailed phage families were identified in 20 out of 58 phylogenetically and geographically diverse single amplified genomes (SAGs) of marine bacteria and archaea. At least four phage-host interactions had the characteristics of late lytic infections, all of which were found in metabolically active cells. One virus had genetic potential for lysogeny. Our findings include first known viruses of Thaumarchaeota, Marinimicrobia, Verrucomicrobia and Gammaproteobacteria clusters SAR86 and SAR92. Viruses were also found in SAGs of Alphaproteobacteria and Bacteroidetes. A high fragment recruitment of viral metagenomic reads confirmed that most of the SAG-associated viruses are abundant in the ocean. Our study demonstrates that single-cell genomics, in conjunction with sequence-based computational tools, enable in situ, cultivation-independent insights into host-virus interactions in complex microbial communities.
Introduction
Viruses are the most abundant biological entities on Earth, surpassing the number of their potential host cells by at least one order of magnitude (Suttle, 2005) . In the ocean, viral infections kill~10-20% of planktonic biomass each day (Suttle, 2007; Evans and Brussaard, 2012) . These infections are believed to have a major impact on microbial community composition, evolution and global geochemical cycles (Jover et al., 2014) . Most of the current knowledge of viral-host interactions is based on laboratory experimentation with pure cultures. Although cultivation has yielded phages from some groups of marine bacterioplankton, including SAR11 (Zhao et al., 2013) , SAR116 (Kang et al., 2013) , cyanobacteria (Sullivan et al., 2003) and Bacteroidetes (Holmfeldt et al., 2013) , this approach has been limited to the 0.1-1% of host cells that are amenable to cultivation and is biased towards certain taxonomic groups and life strategies (Rappé and Giovannoni, 2003; Swan et al., 2013) . Furthermore, viral types detected using plaque assays on pure cultures are biased toward virulent phages causing complete lysis (Brüssow and Hendrix, 2002) . As a result of these methodological limitations, the overarching question of 'who infects whom and how in situ, has been challenging to address.
Several novel methods have reduced culturedependence in the study of phages. For example, metagenomics offers a glimpse at the global viral diversity, but rarely allows linking a viral sequence to its host. In simple systems, it has been possible to infer putative host linkages by comparing spacers in clusters of regularly interspaced short palindromic repeats to viral metagenomic sequences (Anderson et al., 2011; Berg Miller et al., 2012) . Another way to putatively assign hosts is by similarity to tRNA genes (Mizuno et al., 2013) , a common site of integration for temperate phages (Fouts, 2006) . Methods have been developed for more complex communities, such as phageFISH (fluorescence in situ hybridization) targeting specific viral genes (Allers et al., 2013) , infection of cultured microbial strains with tagged viral communities to identify uncultured viruses (Deng et al., 2012 (Deng et al., , 2014 , or the use of microfluidic digital PCR to associate single cells with environmental viruses (Tadmor et al., 2011) .
Over the past decade, single-cell genomics (SCG) has emerged as a powerful tool for the recovery of genomic information from uncultured, individual cells of environmental microorganisms (Lasken, 2012; Stepanauskas, 2012) . Importantly, SCG recovers sequences of all DNA molecules in a cell, including host chromosomes and extrachromosomal genetic elements, thus offering an opportunity for cultivation-independent, cell-specific analysis of organismal interactions, such as infections, symbioses and predation. Previous application of this approach revealed a complete genome of a novel nanovirus from a putatively infected, uncultivated Picozoan protist cell (Yoon et al., 2011) . In another study, 127 single amplified genomes (SAGs) of the uncultured gammaproteobacterial clade SUP05 revealed 69 viral genomic sequences, suggesting that a third of the cells were infected. These new viral sequences were then used as references to mine viromes and microbial metagenomes to show that these phages are endemic and persistent over time (Roux et al., 2014) .
The enormous opportunity to study in situ virushost interactions using SCG is accompanied by novel computational challenges, which cannot be fully addressed by existing bioinformatics tools. Although many software packages have been developed for the identification of prophages (that is, Phage_Finder (Fouts, 2006) , Prophinder (Lima-Mendez et al., 2008) or PhiSpy (Akhter et al., 2012) ), pathogenicity islands (that is, PIPS (Soares et al., 2012) ) and horizontal gene transfer events (that is, Alien Hunter (Vernikos and Parkhill, 2006) ), they may be poorly suited when analyzing novel viruses in uncultured microorganisms, because of the reliance of these tools on genomic sequences of viral isolates in public databases. Further challenges are presented by the incomplete and fragmented nature of SCG assemblies. Finally, SCG captures microbial cells during various types of interactions with viruses, including lytic infections, lysogeny, chronic infections, as well as non-infectious attachment, with highly divergent biological consequences. Ideally, these interaction types should be discriminated in SCG sequence analyses.
To realize the potential for SCG to uncover viralhost interactions within new microbial groups, using new bioinformatics approaches, we searched for viruses in 58 previously sequenced SAGs of surface ocean bacteria and archaea, originating from four locations: the Gulf of Maine, the Mediterranean Sea, and the North Pacific and South Atlantic subtropical gyres (Swan et al., 2013) . This enabled cultivationindependent detection and characterization of in situ cell interactions with viruses that are highly divergent from previously sequenced genomes. Our results revealed complete or near-complete genomes of phages belonging to all three major tailed groups (Podoviridae, Myoviridae and Siphoviridae), infecting phylogenetically diverse hosts. We detected and uncovered genomic sequences of first known viruses infecting several ubiquitous, yet uncultured marine bacterioplankton groups, including Marinimicrobia (formerly Marine Group A, SAR406), Verrucomicrobia, Gammaproteobacteria SAR92 and SAR86 and Thaumarchaeota (Marine Group I).
Materials and methods

Sources of SAG sequences
We analyzed 57 previously published SAGs from surface ocean (Swan et al., 2013) . These SAGs are from the Gulf of Maine (36 SAGs), the Hawaii Ocean Time Series (HOT) (10 SAGs), the Mediterranean Sea (7 SAGs) and Southern Atlantic (4 SAGs). The original assemblies were performed on Illumina 2 × 150 bp reads (Illumina, San Diego, CA, USA) using a combination of Velvet and Allpaths assemblers (Swan et al., 2013) , and only contigs ⩾ 2000 bp were kept for further analyses. In an attempt to improve genome recoveries, we re-sequenced 10 virus-containing SAGs using the PacBio technology (Pacific Biosciences Inc., Menlo Park, CA, USA). We created linear terminal deoxynucleotidyl transferase libraries for 10 of the SAGs (AAA076-E06, AAA160-C11, AAA160-J20, AAA164-A08, AAA164-A21, AAA164-B23, AAA164-I21, AAA164-M04, AAA164-P11, AAA168-E21). Single-cell MDA products were randomly sheared to~3 kb target size using G-tubes (Covaris, Inc., Woburn, MA, USA). Poly(dA) tails were then added to the 3'ends using terminal deoxynucleotidyl transferase and the poly (dA)-tailed library annealed with poly(dT) sequencing primer for sequencing on the PacBio RS instrument (Pacific Biosciences). These PacBio sequences were co-assembled with Illumina reads with SPAdes 3.1 using -careful, -sc and -pacbio arguments (Nurk et al., 2013) . In addition, we obtained new Illumina-only assemblies using SPAdes 3.1. Alternative SPAdes assemblies were performed with and without k-mer prenormalization of Illumina reads (Swan et al., 2013) . k-mer normalization was performed with the open source software kmernorm (http://sourceforge.net/ projects/kmernorm/) using settings k = 19, t = 80, c = 2. The SPAdes assembler improved assembly contiguity, as compared with the original, VelvetAllpath assemblies, in 8 of the 10 re-analyzed SAGs (Supplementary Tables 1 and 2 ). The k-mer prenormalization further improved the contiguity of SPAdes assemblies of eight SAGs. Significantly, this enabled the assembly into single contigs, likely representing complete genomes, of all viral sequences in Verrucomicrobia SAGs AAA164-A21 (four viral contigs in Velvet-Allpaths assemblies) and AAA168-E21 (three viral contigs in Velvet-Allpaths assemblies). The addition of long PacBio reads had minimal impact on overall assemblies (see Supplementary Material).
In addition to the 57 SAGs listed above, we also sequenced one more Roseobacter-clade SAG from the Gulf of Maine, AAA160-J18. This SAG was generated from the same sample and using the same methods as other Gulf of Maine SAGs (MartinezGarcia et al., 2012) . This SAG was sequenced at the Bigelow Laboratory Single Cell Genomics Center (scgc.bigelow.org). A total of 11 464 853 '2 × 150' reads were generated with a NextSeq 500 (Illumina). Read digital normalization and assembly were performed in the same way as for the remaining 57 SAGs (Supplementary Table S1 ), producing 2.21 Mbp in 47 contigs larger than 2 kbp, with an average GC content of 40.5%.
DNA segments 2.4-11.8 kb in length that were 100% identical to the contig 00001 of Verrucomicrobia SAG AAA164-B23 were found in seven taxonomically diverse SAGs (Supplementary Table 3) , in which sequence coverage depth was about 1000-fold lower than in AAA164-B23. To avoid the risk of false discovery, we assumed that these sequences were Illumina library cross-contaminants, originating from the SAG with the longest and highestcoverage fragment. We therefore eliminated these contigs from the seven assemblies (Supplementary  Table 3 ). Similarly, a 7.0 kb segment of contig 00005 from Roseobacter SAG AAA076-E06 was also found in Roseobacter SAG AAA015-O19, with the likely contaminating sequence having a 1500 × lower sequence coverage depth than in AAA076-E06. This AAA015-O19 contig was also removed from further analysis.
Assessing the risks of SAG contamination with free viral particles We assessed the risk of a cell being contaminated with a free viral particle during cell sorting, which would obscure single cell genomics data interpretation. Single-drop sort mode on the MoFlo flow cytometer (Beckman Coulter, Indianapolis, IN, USA) was used to separate individual cells in this study, which prevents sorting a droplet that contains other detectable particles than the cell of interest in the sorted and neighboring droplets. We used light side scatter as the trigger and maximized the voltage on side scatter and green fluorescence, which is used for the detection of SYTO-9-stained nucleic acids. This renders most viral particles visible to the instrument and enables their effective exclusion from sorted droplets, the only exception being extremely small particles, such as the ssDNA viruses (Tomaru and Nagasaki, 2007; Holmfeldt et al., 2012) . There is a possibility of an accidental co-sort of a cell and a large, free viral particle, if the particle is in the shade of a cell while passing through the cytometer's laser beam, and we estimated the frequency of such events. The diameter of the sample flow stream, using our cell-sorting conditions, is about 5 μm (Gerrit van den Engh, personal communication). The most abundant bacterioplankton cells in the ocean are under 1 μm in diameter: Prochlorococcus is~0.6 × 0.6 μm (Partensky et al., 1999) , Pelagibacter ubique is 0.1 × 0.9 μm (Rappé et al., 2002) . Using a conservative assumption of an average diameter being 1 μm among the sorted cells, we estimated the average shaded volume to be o4 × 10 − 12 ml. Assuming the presence of 10 9 viral particles per ml of the analyzed sample, which is typical for surface ocean (Suttle, 2005) , and accounting for the 10 × dilution of the sample prior to cell sorting, we estimate the frequency of free viral particles being in cells' shade to be less than 1 in 2500. This indicates high probability that viruses detected in our study sample of 58 cells were either inside or attached to the analyzed cells during cell sorting.
Identification of viral sequences
Because multiple displacement amplification (MDA) amplifies only dsDNA and ssDNA, our study did not target RNA viruses. To identify SAG contigs originating from DNA viruses, we used a combination of five criteria, listed below.
Marker genes. Gene prediction of sequenced and assembled SAGs was performed using Prodigal (Hyatt et al., 2010) . The translated protein sequences were then used as queries in BLASTp (Altschul et al., 1990) searches (e-value o0.001, max. 10 hits) of the GenBank nr database (Updated 12 July 2013). We identified homologous sequences containing words within the sequence description indicative of viral genes (*phage, *virus, virion, prophage, terminase, capsid, head, tail, fiber, baseplate, portal, lysis, structural, T4, lambda, mu, lambdoid, podo*, myovir*, siphovir*, integrase, transposase). Query sequences homologous to hypothetical proteins were also identified, because viral genomes are generally enriched in them. We also searched for tRNA genes, which are common sites for prophage integration into host genomes, using tRNAscan (Lowe and Eddy, 1997) .
DNA sequence anomalies. In bacterial genomes, a GC skew is associated with the origin of replication (Karlin and Campbell, 1998) . GC skew can also be associated with the insertion of foreign DNA, including prophages (Grigoriev, 1998) . Local anomalies in GC content and codon usage may also aid in the detection of prophages and other laterally acquired genetic elements within bacterial genomes (Akhter et al., 2012; Soares et al., 2012) . For each contig, we calculated GC content and GC skew with custom scripts using a sliding window of 1600 bp. Tetramer frequencies have been used to detect contaminating sequences in SAG assemblies (Woyke et al., 2009; Swan et al., 2011; MartinezGarcia et al., 2012) . Here, we extracted tetramer frequencies using a sliding window of 1600 bp and 200 bp step size to have a minimum of three windows for each contig. Principal component analysis was used on a matrix of N × 136 where N is the number of windows in the genome and 136 is the number of unique reverse-complimentary tetramers, as in the study by Swan et al. (2013) .
Metagenomic fragment recruitment. To further improve the detection of viral sequences within SAGs, sequence data from cellular metagenomes and viral metagenomes (viromes) were recruited to SAG contigs. SAG contigs originating from host chromosomes were expected to recruit predominantly cellular metagenomic sequences, while contigs originating from viruses were expected to recruit virome sequences. In this analysis, we used the Line P prokaryote metagenome (IMG/MER GOLD Project ID Gm00303) (Swan et al., 2013; Wright et al., 2014) and the Pacific Ocean Virome metagenome (Hurwitz and Sullivan, 2013) . These metagenomes integrate coastal and off-shore samples from multiple depths. Importantly, these virome libraries did not have a strong bacterial recruitment signal (Hurwitz and Sullivan, 2013; Hurwitz, Westveld, et al., 2014) . Both of these metagenomic datasets have an average read length of~300-350 bp, facilitating the comparison of their fragment recruitment. The Line P metagenome was sequenced using a combination of Illumina pairedend and Sanger technologies, with a mean read length of 387 bp, whereas the POV metagenome was sequenced using 454 technology with a mean read length of 316 bp. Metagenomic fragment recruitment was done using BLASTx (e-value o0.001, 1 hit per read) on predicted SAG proteins. Fragment recruitment estimates were performed for viral and bacterial contigs with 50, 70 and 90% sequence identity thresholds. The 70% threshold produced the best contrast between viral and bacterial recruitment and therefore was used in subsequent analyses.
Sequence coverage depth. During a lytic infection, many copies of the virus genome are present in the host cell. Therefore, when performing shotgun sequencing of an infected cell, viral contigs are expected to have significantly higher sequence coverage depth, as compared with contigs of the host genome. In contrast, only one viral genome copy typically is present in other types of virus-cell interactions (lysogeny, unspecific attachment of the virus to the cell), leading to a similar sequence coverage depth between host and virus contigs. To discriminate between active infections and other forms of bacteria-phage associations, the sequence coverage depth between putative bacterial and viral contigs was compared. The depth of coverage was calculated by mapping reads on assembled contigs using Bowtie (Langmead et al., 2009) and BEDTools (Quinlan and Hall, 2010) . We relied on the average coverage for each contig rather than utilizing a sliding window approach, to limit the impact of uneven MDA (Raghunathan et al., 2005; Woyke et al., 2009 ).
Confirmation of viral sequences. Contigs that contained multiple viral marker genes, DNA sequence anomalies, high metagenomic viral recruitment or low metagenomic bacterial recruitment were manually inspected using diverse comparative genomics tools (see below), to confirm the presence or absence of viral sequences. Such manual verification was performed on 29 SAGs, and viruses were confirmed in 20 of them. See Supplementary Material for more information on tests of available bioinformatics tools to search for viral sequences in SAGs.
Phylogenetic and comparative genomic analyses
All alignments were constructed with MUSCLE (Edgar, 2004) implemented in Geneious V6.1.8 and evaluated for optimal amino acid substitution models using ProtTest 3 (Darriba et al., 2011) . For the Podoviridae DNA pol A, the initial alignment was provided by Schmidt et al. (2014) and phylogeny was performed using phyML V3.1 (Guindon et al., 2010) with 100 bootstrap replicates and the LG model with a gamma distribution (+G), estimated rates of variation among sites and a proportion of invariable sites (+I). For the phylogenetic analysis of the T4-like major capsid protein gp23, all amino acid Myoviridae gp23 sequences ⩾ 100 amino acids were downloaded from GenBank (2199 sequences as of 15 September 2014), and then clustered at 90% similarity using CD-hit (Li and Godzik, 2006) to reduce the number of sequences. Sequences that did not align properly or created long branches in the tree were removed. Phylogeny was performed in Geneious V6.1.8 using neighbor joining with the Jukes Cantor model with 1000 bootstrap replicates. For the whole-genome phylogeny of Myoviridae, initial alignments were obtained from Zhao et al. (2013) , and more Myoviridae genomes were added to reflect the gp23 phylogeny (Sinorhizobium phage phiM12 (NC_004735), Rhodothermus phage RM378 (NC_013697), Deftia phage phiW-14 (NC_013697), Cronobacter phage vB_CsaM_GAP32 (NC_019401)), as well as the viral SAG genomes from AAA164-P11 and AAA160-J20. The alignments were stripped to keep only the 13 proteins for which homologs were found in the SAG sequences (Supplementary Table 4) . Alignments of each protein were edited with Gblocks (Talavera and Castresana, 2007) using the following settings: − b1 = (N/2)+1; − b2 = (N/2)+1; − b3 = (N/2); − b4 = 2; − b5 = h, with N = number of taxa (Sassera et al., 2011) . Phylogeny was performed using phyML V3.1 (Stamatakis et al., 2008) under the LG model following a gamma distribution and empirical base frequencies with 100 bootstrap replicates.
Taxonomic families were tentatively assigned to each virus, based on the best blast hits (Supplementary Table 5 ). To do so, we compared each protein of each viral contig to a database composed of all available viral genomes in GenBank (5453 genomes ⩾ 1000 nucleotide long) using tBLASTn. Only the top hits were kept and the viral family with the most hits was tentatively assigned to the virus. To obtain additional evidence, wholegenome synteny comparisons were performed with EasyFig for Mac version 2.1 (Sullivan et al., 2011) using tBLASTx and filtering of small hits and annotations. The viral genomes used for comparisons were selected based on their similarity to the SAG viruses, as determined by BLASTp searches (Supplementary Table 6 ). The average nucleotide identity was calculated with the JSpecies software under the ANIm parameters (Richter and Rosselló-Móra, 2009) . Because viral taxonomy is often based on morphology rather than genomic sequence, the assigned families should be viewed as tentative.
Experimental infection of Roseobacter strains with cyanophages A pool containing 25 μl from each of 374 cyanophage lysates (Supplementary Table 7 ) was filtered through a 0.22 μm filter and 0.1 ml of the filtered phage mix was used to inoculate 0.1 ml of 34 Roseobacter isolates (Supplementary Table 8 ) in logarithmic phase. Isolates were grown either on half-strength YTSS (2.5 g of yeast extract, 4 g of tryptone, 15 g of sea salts per liter) at 30°C or ZoBell (5 g peptone, 1 g yeast extract and 0.01 g FeC6H5O7 added per liter of 80%, 0.45 μm-filtered seawater) at 21°C. The virus-bacteria mix was incubated for 1 h at 25°C before transferring 0.3 ml of the culture to 3.5 ml of 4% top agar and poured onto a bottom plate. Plates were incubated at 25°C for 24 h and then 21°C until growth was observed. Plates were checked daily for plaque formation to record infections. 
Data availability
Results and discussion
Detection of viral sequences in SAGs
The combination of searches for viral marker genes, DNA sequence anomalies and contrasts in metagenomic fragment recruitment detected phage-like sequences in 20 of the 58 analyzed SAGs (33%) ( Table 1 ). All but one of these putative viruscontaining SAGs were collected from the Gulf of Maine. The one additional putative virus was found in a Roseobacter SAG AAA300-J04 from the North Pacific subtropical gyre. For the first time, viruses were found in the following, ubiquitous groups of marine bacterioplankton: Marinimicrobia (formerly called Marine Group A and SAR406; 2 SAGs), Verrucomicrobia (10 SAGs), Gammaproteobacteria lineages SAR86 (1 SAG) and SAR92 (1 SAG), and Thaumarchaeota (1 SAG). Viruses were also found in Bacteroidetes (1 SAG) and Alphaproteobacteria (3 SAGs). Of the 20 SAG-associated viruses, most shared some genes with cultivated phages belonging to the Podoviridae (10 SAGs), Myoviridae (6 SAGs) and Siphoviridae (3 SAGs) ( Table 1 and  Supplementary Table 5 ). The observed frequency of SAG-associated viruses, their higher abundance in the most productive study site and the predominant viral types are consistent with prior observations of marine phage-host interactions (Fuhrman and Suttle, 1993; Wommack and Colwell, 2000; Weinbauer, 2004; Suttle, 2005; Zhao et al., 2013) . Significantly, the use of SCG allowed the specific matching of genomic sequences of each virus and its host, without cultivation.
Modes of viral-host interactions
The presence of viruses inside of or attached to cells may be the result of several types of interactions with divergent biological consequences, including lysogeny, lytic infections, chronic infections and unspecific attachment. In an effort to discriminate between these modes of interaction, we examined the SAGs containing viral sequences for: (i) sequence-based evidence for virus integration into the host genome; (ii) the fraction of viral and host genome recovered, in relation to the speed of the single-cell MDA reaction; and (iii) difference in sequence coverage depth between phage and host contigs.
To be considered a prophage, we expected viral sequences to be flanked by host genes and to encode for an integrase. We found no contigs containing both viral and bacterial genes in the analyzed data set. Lysogeny predominantly occurs in environments of low bacterial abundance and productivity Williamson et al., 2002; McDaniel et al., 2008) . As most viruses detected in this study are from the productive Gulf of Maine, the apparent absence of lysogens among the 20 viruses may not be surprising. Prophages usually integrate in hypervariable regions containing Single-cell genomics-based virus-host interactions JM Labonté et al multiple repeats, which are difficult to assemble from short fragment sequence reads (Zerbino and Birney, 2008) . Thus, the failure to detect prophages because of the fragmented nature of SAG assemblies cannot be excluded. Nevertheless, we detected a viral contig in the SAR116 SAG AAA160-J14 that harbors an integrase, suggesting the potential of this phage for lysogeny (Figure 1 ). For a phage to integrate into its host's genome, it must contain a phage attachment site (attP), which is an exact match to the bacterial attachment site (attB), often located in tRNA genes (Campbell, 2003; Sullivan et al., 2009; Mizuno et al., 2013) . We compared the tRNA sequences of all 58 SAGs to the putative viral sequences and found one 48 bp exact match between the attP site of the phage found in SAR116 AAA160-J14 and a bacterial tRNA-Met-CAT gene found in contig 00007 of the same SAG, confirming the association of this particular phage with its host and suggesting potential for phage integration. This Single-cell genomics-based virus-host interactions JM Labonté et al potentially lysogenic phage also encodes a c repressor, which may confer immunity of lysogenic cells against similar phages, in this way protecting the host from other, potentially lytic infections (Canchaya et al., 2003) . Lysogeny may permit phage's survival at low host abundance and protect from host defense mechanisms, UV radiation and, in some cases, grazing (Paul, 2008) . The SAR116 cluster is one of the most ubiquitous and abundant groups of Alphaproteobacteria in the ocean, although only two laboratory cultures are currently available and sequenced (Oh et al., 2010; Grote et al., 2011) . The new, potentially temperate phage does not share any homology with the two prophages found in the genome of the SAR116 isolate Candidatus Puniceispirillum marinum (Oh et al., 2010) nor the only lytic phage that has been isolated from SAR116 so far (Kang et al., 2013) , suggesting that the diversity of lytic and temperate phages capable of infecting SAR116 remains far from saturation. We considered the following criteria to determine whether a cell was undergoing a late lytic infection: (i) high sequence coverage depth of putative viral, as compared with host contigs; (ii) low host genome recovery, indicating infection-induced DNA degradation; and (iii) complete or near-complete recovery of viral genome, indicative of the availability of multiple genome copies for MDA. However, factors other than viral infections can cause poor genome recovery and uneven sequence coverage depth in SCG data, such as incomplete cell lysis, varied DNA packaging in the cell, as well as MDA artifacts, complicating the application of these criteria (Stepanauskas, 2012) . To circumvent these issues, we analyzed the relationship between the speed of MDA reaction and the recovery of host genome. The availability of a longer DNA template is expected to result in a faster MDA reaction (Zhang et al., 2006) . Accordingly, we observed a negative correlation between the MDA critical point and the fraction of genome recovered in a SAG assembly (Figure 2 ). Four SAGs were at or outside of the 95% confidence intervals for the model prediction and had low MDA critical point values (fast MDA) and low host genome recovery (yellow-shaded region in Figure 2b) . In all four SAGs, complete or near-complete viral genomes were recovered, and the ratio of sequence coverage depth of viral versus host contigs exceeded 500 (Table 1) . The collective evidence suggests that these four cells were undergoing late lytic infections during their collection. Interestingly, all of these putative lytic infections were identified in metabolically active cells, including three Verrucomicrobia cells that were sorted based on their uptake of polysaccharide laminarin and one Alphaproteobacteria cell that was sorted based on electron transport system activity (Martinez-Garcia et al., 2012) ( Table 1) . This is consistent with prior observations that the most metabolically active cells in a given environment are most susceptible to phage infections (Fuhrman and Suttle, 1993; Zhao et al., 2013) .
Modes of phage-host interactions in the remaining virus-containing SAGs could not be determined with confidence and may include lytic infections, lysogeny or chronic infection. Among these scenarios, chronic infections (Weinbauer, 2004) are especially poorly understood, owing to detection difficulties in traditional plaque assays, and SCG may offer a novel way for their study. Chronic infections and lysogeny would result in a phage with a similar depth of coverage to its host, which is the case for most of the assembled viral sequences in the studied SAGs. Noninfectious and non-specific attachment of viral particles to cell's surface is also a possibility, Single-cell genomics-based virus-host interactions JM Labonté et al although existing evidence suggests this to be uncommon among marine microorganisms (Deng et al., 2012) . We expect that the ability to categorize phage-host interactions using SCG will continue to improve as more refined laboratory and computational tools are developed. Moreover, an increased availability of SCG data may lead to the observation of consistent infectivity patterns for given microbial species.
Diversity and abundance of SAG-associated viruses
On the basis of genomic sequence similarity, 9 of the 20 SAG-associated viruses were putatively assigned to Podoviridae, a large and diverse family of phages within the order Caudovirales that is characterized by icosahedral capsids and short, noncontractile tails (Table 1 and Supplementary Table  5 ). These viruses were identified in phylogenetically diverse SAGs, including five Verrucomicrobia, two Proteobacteria, one Marinimicrobia and one Bacteroidetes. Podoviridae genome sizes typically rangẽ 40-42 kb, whereas our obtained assemblies vary between 44 and 75 kb. Complete, circular viral genome assemblies were obtained from the Roseobacter SAG AAA300-J04 and Verrucomicrobia AAA168-E21. Five of the discovered T7-like phages contain viral DNA polymerase A genes, which cluster with environmental sequences previously amplified with degenerate primers or metagenomic sequences (Labonté et al., 2009; Schmidt et al., 2014) and are distant from cultured isolates (Figure 3) . On the basis of the DNA polymerase A phylogeny, the newly sequenced genomes of phages AAA164-I21 (Verrucomicrobia) and AAA160-P02 (Bacteroidetes) clustered in group ENV4a, phages AAA160-C11 (Marinimicrobia) and AAA160-D02 (SAR92) clustered in group ENV2, and phage AAA164-A21 clustered distantly with group SI01. Prior to our study, PCR amplicon sequences of polymerase A were the only information available about ENV4a and ENV2. We looked at position Phe762 of the DNA pol A, a well-studied site where mutations affect dideoxynucleotide (ddNTP) incorporation, polymerase activity and fidelity. Sequences in the ENV4a group had a leucine (L) at that position, which has been suggested for phages with a broad host range, temperate phages or phages infecting slow growing bacteria. In contrast, phages in the ENV2 group and phage AAA164-A21 had a tyrosine (Y) at position Phe762, which is associated with lytic phages (Schmidt et al., 2014) . Unfortunately, other indicators, such as integration into host genome, percent genome recovery and sequence coverage depth could not confirm these predictions for the four phages (Table 1) . The general genome organization of the DNA polymerase A gene harboring phages differs from previously sequenced phage genomes (Figure 4) . Cultured viral isolates, even those obtained from distant hosts (for example, E. coli and Synechococcus), were more closely related to each other than to the uncultured marine phages from this study.
Three SAG-associated genomes are most similar to the recently discovered Podoviridae phages infecting Cellulophaga (Holmfeldt et al., 2013) . Phages in AAA300-J04 (Roseobacter) and AAA164-B23 (Verrucomicrobia) have a genome organization similar to the Cellulophaga phage 3:2 (Supplementary Figure  1A) . The phage in AAA164-M04 (Verrucomicrobia) is most similar to the Cellulophaga phage 40:1 (Supplementary Figure 1B) . The last putative Podoviridae genome, which is a complete circular genome (AAA168-E21; Verrucomicrobia), shares a similar genome organization with Pelagibacter HTVC010P (Supplementary Figure 1C) , a phage with a small capsid that is highly prevalent in the ocean, but is the only isolate from its group available at the moment. Our results show that marine Podoviridae are highly diverse in their genome content, are widely distributed in marine environments ( Figure 5 ) and infect a wide taxonomic range of marine bacterioplankton groups. Some of the putative Podoviridae genomes, such as AAA164-B23 (60.4 kb) and AAA164-M04 (75.8 kb), have larger Figure 3 Phylogenetic analysis of the Podoviridae-like DNA polymerase A from SAGs (underlined), isolates (labeled) and metagenomes (not labeled). The grey shading indicates the predefined groups from Schmidt et al. (2014) and Labonté et al. (2009) . The tree was generated using maximum likelihood, with 100 bootstrap replicates, using the LG model with a gamma distribution (+G), estimated rates of variation among sites and a proportion of invariable sites (+I). Bootstrap replicates are not shown for clarity. Scale bar represents the number of amino acid substitution per site.
Single-cell genomics-based virus-host interactions JM Labonté et al genomes than the Podoviridae average of 40-42 kb. Podoviridae phages with very large genomes (70-75 kb) infecting Cellulophaga were shown to be generalist phages, and were lytic on their host of isolation, but lysogenic or inefficient on other hosts (Holmfeldt et al., 2014) . Inefficient infections could be quite common in marine environments, but are rarely isolated in the laboratory owing to a bias against virulent phages. SCG has the promise to resolve this methodological limitation. Figure 4 Synteny between Podoviridae genomes that are most closely related to SAG-associated Podoviridae, based on DNA pol A phylogeny. Each arrow represents a gene: DNA pol A (red), major capsid protein (blue), tail fibers (yellow), terminase (purple) and others (black). tBLASTx was used to identify homologous regions. Color legend indicates DNA sequence identity. Figure 5 Fragment recruitment of microbial metagenomic reads from the Line P metagenome (Bm) and viral metagenomic reads from the Pacific Ocean Virome (Vm) on the viral (Vc) and bacterial contigs (Bc). The scale bar indicates the fraction of metagenomic reads aligning to each reference with ⩾ 70% nucleotide identity, normalized by the length of the genome. The right column indicates whether the virus belongs to the Podoviridae (P), Myoviridae (M), Siphoviridae (S) or Phycodnaviridae (Ph) families.
Single-cell genomics-based virus-host interactions JM Labonté et al
The Myoviridae family consists of phages with a contractile tail and genome sizes varying from 33 to 170 kb (King et al., 2012) . We found Myoviridae-like sequences in five SAGs, with three of these assemblies likely near-complete. Two of them, found in AAA164-P11 (135 kb; Verrucomicrobia) and AAA160-J20 (159 kb; Thaumarchaeota), encode the conserved T4 core genes (Supplementary Table 5 ) but are evolutionarily distant from existing viral isolates and may represent a novel group within the large Myoviridae family (Figure 6 ). Although these two phages share similar gene organization and core genes, their plasticity regions are highly divergent, consistent with the infection of different hosts. Phylogeny of the gp23 major capsid protein gene also shows that these phages are distant to other known Myoviridae sequences, as they cluster close to the root (Rhodothermus RM378 phage). Metagenomic fragment recruitment analysis suggested that relatives of these two phages are abundant in the ocean ( Figure 5 ). Interestingly, similar phages were not observed in the environment when samples were surveyed with degenerate PCR primers, designed using sequences from cultured isolates (Filée et al., 2005) , which may be explained by primer sequence mismatches. Myoviridae infections of halophilic and methanogenic Euryarchaeota have been reported previously (Prangishvili et al., 2006) . To the best of our knowledge, this is the first report of viral infections in Thaumarchaeota.
Surprisingly, the Myoviridae-like phage associated with the Roseobacter SAG AAA076-E06 shares 82.9% and 75.8% average nucleotide identity with phages P-SSM2 (103/330 genes) (Sullivan et al., 2005) and S-SKS1 (218/281 genes), respectively, which infect cyanobacteria ( Figure 6 and Supplementary Figure 2) . Although non-specific phage attachment to the sorted cell cannot be fully excluded, several lines of evidence suggest a lytic infection, including a fast MDA reaction, a very limited host genome recovery and a high sequence coverage depth of viral as compared with bacterial contigs. To the best of our knowledge, there are no prior reports of cyanophages infecting Proteobacteria, although phage cross-infections of Beta-and Gamma-proteobacteria provide some evidence for Figure 6 Phylogenetic analysis of Myoviridae phages recovered from SAGs, isolates and environmental sequences. (a) Phylogenetic tree of 13 concatenated conserved proteins within the large Myoviridae family, showing that phages found in Verrucomicrobia SAG AAA164-P11 and Thaumarchaeota SAG AAA160-J20 form a novel phylogenetic group, and that Roseobacter phages AAA076-E06 and AAA160-J18 are most similar to cyanophages. The following parameters were used: maximum likelihood, 100 bootstrap replicates, LG model with a gamma distribution (+G), estimated rates of variation among sites and a proportion of invariable sites (+I). Bootstrap replicates 495% and 75-95% are represented by black and gray circles, respectively. (b) Phylogenetic tree of the major capsid protein gp23 of Myoviridae phages from SAGs (red), isolates (blue) and PCR amplicons from environmental samples (black). The following parameters were used: Neighbor Joining, Jukes Cantor model, 1000 bootstrap replicates. Both trees are rooted with the divergent Rhodothermus phage RM378. Scale bar represents the number of amino acid substitution per site.
Single-cell genomics-based virus-host interactions JM Labonté et al such possibility (Jensen et al., 1998) . Interestingly, another Roseobacter SAG (AAA160-J18) from the same lineage also displayed viral contigs (66 442 bp over 4 contigs) similar to the Roseobacter phage AAA076-A06 and other cyanophages (Figure 6 ). These results provide additional evidence that cyanophage-like viruses infect cells from the Roseobacter lineage. To test the hypothesis that a cyanophage may infect a Roseobacter, we performed a plaque assay using a mixture of 374 cyanophage isolates on 34 Roseobacter strains, but no plaques were observed. Although these results failed to provide experimental evidence for cross-infections of cyanobacteria and Roseobacter, they do not prove the absence of such events in the environment, where the genetic diversity of phages and hosts is much greater than what could be captured in our laboratory experiment. Experimental studies of phage host range are very tedious and few. Arguably, the most extensive study was performed by Moebus and Nattkemper (1981) , where 286 bacterial hosts and 215 phages from multiple sites in the Atlantic Ocean were tested. That study demonstrated a wide spectrum of host range and modularity in phagehost specificity (Flores et al., 2011) , although none of the hosts were identified. It is generally assumed that the true host range of most environmental phages remains unknown (Breitbart, 2012) , and SCG has the potential to directly bridge this knowledge gap.
Three SAG-associated viruses had a weak homology to other, previously sequenced phages and prophages, with predominant blast hits to uncharacterized Siphoviridae. We tentatively assigned these phages to the Siphoviridae family, a large family of phages with a long non-contractile tail. Siphoviridae phages evolve rapidly by horizontal gene transfer and genome reorganization (Hatfull et al., 2008; Ignacio-Espinoza and Sullivan, 2012) . Consequently, they have very mosaic genomes. Very few marine Siphoviridae phages are cultured and their genomic content greatly differs from each other (Huang et al., 2012) , which is consistent with our findings. The evidence for these sequences belonging to viruses includes similarity of most genes to phage genes (Supplementary Table 5 ) and high recruitment of viral metagenomes, as compared with bacterial metagenomes (Figure 5 ). This observation further reinforces the diversity of marine viral communities, including the presence of many enigmatic lineages that can be illuminated using SCG.
Viral contigs in the Verrucomicrobia SAG AAA164-N20 were most similar to Bathycoccus sp. RCC1105 virus BpV1 (Supplementary Figure 3) , with overall 88.4% average nucleotide identity. Virus BpV1 belongs to the Phycodnaviridae, a family of large double-stranded DNA viruses (160-560 kb) known to infect marine and freshwater eukaryotic algae. A total of 62 kb of the viral genome were recovered from the SAG, corresponding to 31.2% of the 198 519-bp-long BpV1 genome. The recovery of the bacterial genome was not anomalous, in relation to the speed of the MDA reaction (Figure 2) , providing no support for a lytic infection. We are not aware of prior reports of eukaryote viruses infecting bacteria and therefore view these results with caution. Bathycoccus and other members of the Prasinophyceae class, such as Micromonas and Ostreococcus, are abundant in the Gulf of Maine, and the presence of viruses infecting these phytoplankton groups in the analyzed sample is likely. We therefore speculate that this finding is a result of a non-specific attachment of a viral particle on the bacterial cell.
Conclusions
A combination of comparative genomics, metagenomic fragment recruitment, sequence anomalies and irregularities in sequence coverage depth and genome recovery identified members of all threetailed phage families in 20 of 58 surface ocean SAGs of phylogenetically diverse Bacteria and Archaea. At least five phage-host interactions had the characteristics of late lytic infections, all of which were found in cells of high metabolic activity. One virus had the genetic potential for lysogeny. Our findings include first known viruses of Thaumarchaeota, Marinimicrobia, Verrucomicrobia and Gammaproteobacteria clusters SAR86 and SAR92, presenting SCG as a valuable tool to link uncultured phages and hosts. Viruses were also found in SAGs of Alphaproteobacteria and Bacteroidetes. Near-complete genomes of multiple, novel viruses were recovered, along with the genomic sequences of uncultured microbial cells with which each of the viruses were associated. Fragment recruitment of viral metagenomic reads confirmed that most of the SAG-associated viruses are abundant in the ocean. These results suggest that continued technological developments in microbial SCG, such as improved bioinformatics tools, scaledup SAG sequencing and single-cell gene expression analyses have the potential to revolutionize studies of viral-cell interactions in complex microbial communities. Center. The views and conclusions contained in this document are those of the authors and should not be interpreted as necessarily representing the official policies, either expressed or implied, of the U.S. Department of Homeland Security. In no event shall the DHS, NBACC or Battelle National Biodefense Institute (BNBI) have any responsibility or liability for any use, misuse, inability to use or reliance upon the information contained herein. The Department of Homeland Security does not endorse any products or commercial services mentioned in this publication.
